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. Mice homozygous for the Tyr208Asn amino acid substitution in the carboxy terminus of SHP-1 (referred to as Ptpn6 spin mice) spontaneously develop a severe inflammatory syndrome that resembles neutrophilic dermatosis in humans and is characterized by persistent footpad swelling and suppurative inflammation 2, 3 . Here we report that receptor-interacting protein 1 (RIP1)-regulated interleukin (IL)-1a production by haematopoietic cells critically mediates chronic inflammatory disease in Ptpn6 spin mice, whereas inflammasome signalling and IL-1b-mediated events are dispensable. IL-1a was also crucial for exacerbated inflammatory responses and unremitting tissue damage upon footpad microabrasion of Ptpn6 spin mice. Notably, pharmacological and genetic blockade of the kinase RIP1 protected against wound-induced inflammation and tissue damage in Ptpn6 spin mice, whereas RIP3 deletion failed to do so. Moreover, RIP1-mediated inflammatory cytokine production was attenuated by NF-kB and ERK inhibition. Together, our results indicate that wound-induced tissue damage and chronic inflammation in Ptpn6 spin mice are critically dependent on RIP1-mediated IL-1a production, whereas inflammasome signalling and RIP3-mediated necroptosis are dispensable. Thus, we have unravelled a novel inflammatory circuit in which RIP1-mediated IL-1a secretion in response to deregulated SHP-1 activity triggers an inflammatory destructive disease that proceeds independently of inflammasomes and programmed necrosis.
Mutations in the non-receptor protein tyrosine phosphatase Src homology region 2 (SH2) domain-containing phosphatase-1 (SHP-1) are associated with a spectrum of inflammatory and autoimmune diseases in humans 4, 5 . Similarly, motheaten null and hypomorphic alleles of Ptpn6, the gene encoding SHP-1, cause a myeloproliferative disease in mice that is characterized by chronic inflammation [6] [7] [8] [9] . Despite being one of the first in vivo genetic models of inflammatory disease, the prevailing mechanism responsible for SHP-1-driven inflammation remains to be formally elucidated. Complete characterization of the molecular mechanism responsible for SHP-1-mediated disease has been hindered by the fact that motheaten mice are immunodeficient, develop devastating pneumonitis and glomerulonephritis, and die by 2-9 weeks of age 10 . Recently, a new SHP-1 mutant mouse line (referred to as Ptpn6 spin mice) that harbours an Tyr208Asn amino acid substitution in the C-terminal SH2 domain of SHP-1 was described 3 . Mice homozygous for the hypomorphic spin allele develop a chronic inflammatory and autoimmune disease at 8-16 weeks of age that presents as persistent swelling and suppurative inflammation of the cutaneous footpad tissue (Fig. 1a) 3 . The popliteal lymph nodes that drain the inflamed feet display massive lymphomegaly and are composed of enhanced numbers of both lymphocytes and myeloid cells (Fig. 1b) . In contrast, lymph nodes that drain non-inflamed areas in Ptpn6 spin mice do not display lymphomegaly ( Supplementary Fig. 1 ). Diseased Ptpn6 spin mice show elevated levels of circulating cytokines and chemokines that are associated with granulopoiesis and neutrophil recruitment (Fig. 1c) . Consistent with augmented production of granulopoietic factors, the inflammatory lesions in the footpads of mutant mice are dominated by neutrophils (Fig. 1d) , and neutrophilia ensues in the periphery ( Fig. 1e and Supplementary Fig. 2 ). Moreover, spontaneous disease progression in Ptpn6 spin mice is characterized by
Belgium. enhanced frequencies of inflammatory T cells that produce high levels of IL-17 and IFN-c ( Fig. 1f and Supplementary Fig. 3 ) and the accumulation of T cells that exhibit an effector/memory phenotype (CD44 hi CD62L lo ) ( Supplementary Fig. 4 ). Analysis of mice before the onset of overt disease (4-8 weeks of age) reveals that Ptpn6 spin mice possess normal numbers of lymphoid and myeloid cells (Supplementary Fig. 5 ), and do not display perturbations in T-cell development, regulatory T-cell numbers, or T-cell activation status before disease progression ( Supplementary Fig. 6 ). Furthermore, the Ptpn6 spin mutation does not affect inflammatory cytokine production by peripheral T cells and other immune cells in young mutant mice (Supplementary Fig. 7 ).
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Previous work established that IL-1 receptor (IL-1R) signalling is required for Ptpn6 spin -mediated inflammatory disease 3 . However, the molecular mechanisms operating upstream of IL-1R engagement that are responsible for spontaneous induction of inflammatory disease are not known. Inflammasome-driven activation of caspase 1 is increasingly recognized as a central instigator of inflammation and disease pathology through its critical role in the production of bioactive IL-1b 11 . In this context, the NLRP3 inflammasome responds to a multitude of damage-associated danger signals that are associated with autoinflammation 12 . To test whether aberrant inflammasome activation is responsible for inducing inflammatory disease in response to defective SHP-1 signalling, Ptpn6 spin mice were bred to animals that are deficient in the key inflammasome proteins NLRP3 and caspase 1. However, homozygous disruption of neither NLRP3 nor caspase 1 rescued Ptpn6 spin mice from footpad inflammation ( Fig. 2a and Supplementary Fig. 8 ) and neutrophil infiltration (Fig. 2b) . In full agreement, homozygous deletion of the gene encoding IL-1b also failed to prevent footpad inflammation and granulocyte recruitment in Ptpn6 spin mice (Fig. 2a, b and Supplementary Fig. 8 ), nor was excessive inflammatory cytokine production and cutaneous inflammatory disease rescued by genetic deletion of Tlr4 ( Supplementary  Fig. 9 ). In marked contrast, genetic ablation of Il1a provided significant protection from the development of footpad inflammatory disease in Ptpn6 mutant mice (Fig. 2a, b and Supplementary Fig. 8 ), which was associated with a return to normal neutrophil numbers ( Fig. 2b-d) , and reduced generation of IL-17 producing CD4 1 helper T (T H 17) cells (Fig. 2e ). These findings demonstrate that IL-1a has a central role in SHP-1-mediated disease progression, which proceeds independently of inflammasome activation and IL-1b secretion.
Given that IL-1a acts as an alarmin that orchestrates wound-healing responses [13] [14] [15] , we next tested whether defective wound healing might contribute to disease pathogenesis in Ptpn6 spin mice. To this end, mice were subjected to microabrasion injury on the plantar surfaces of the hind feet, and monitored for incidence of inflammatory responses. Microabrasion-provoked tissue damage induced similar erythema and oedema in wild-type and Ptpn6 spin mice during the first 48 h. However, inflammation at the wound site was fully resolved in wildtype mice by day 14, whereas Ptpn6 spin mice developed exacerbated inflammation that was characterized by intense redness and swelling of the affected area (Fig. 3a, b and Supplementary Fig. 10 ). At day 21, the inability of Ptpn6 spin mice to curtail wound inflammation ultimately resulted in the development of a persistent and aggravated state of footpad inflammation characterized by severe pustular dermatosis and oedema (Fig. 3a, b and Supplementary Fig. 10 ). Notably, genetic ablation of IL-1a production in Ptpn6 spin mice provided full protection from microabrasion-induced footpad inflammation (Fig. 3a, b and Supplementary Fig. 10 ). The microabrasion procedure triggered a rapid (4-5 h after wound induction) and potent production of inflammatory cytokines and chemokines in wild-type mice that was further 
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spin mice (Fig. 3c) . Notably, the enhanced secretion of neutrophilic factors in Ptpn6 spin mice was fully rescued in Ptpn6 spin mice lacking IL-1a (Fig. 3c) . Augmented wound-healing responses in Ptpn6 spin mice were not the result of global aberrations in inflammation because young Ptpn6 spin mice did not display abnormalities in immune cell composition or inflammatory cytokine production ( Supplementary Figs 5-7) . Furthermore, the Ptpn6 spin mutation did not affect the generation of MOG-specific T cells or neuroinflammation during experimental autoimmune encephalomyelitis (EAE) in young mice (Fig. 3d, e and Supplementary Fig. 11 ). Commensal bacteria are increasingly recognized for their role in the pathogenesis of autoimmune diseases 16 , and defects in innate immune signalling were recently shown to alter the intestinal microbiome 17 . Because inflammatory disease was suppressed when Ptpn6 spin mice were derived under germ-free conditions 3 , we explored the possibility of footpad-associated dysbiosis in Ptpn6 spin mice. However, total bacterial counts and composition of the footpad-associated microbiome in microabrasion-induced inflammatory skin lesions were comparable in separately housed wild-type and Ptpn6 spin mice, respectively ( Supplementary Fig. 12 ). Furthermore, we failed to observe enhanced microabrasion-induced granulopoietic cytokine production in wildtype mice that were co-housed with Ptpn6 spin mice ( Supplementary  Fig. 13 ), indicating that the Ptpn6 spin mutation alters immune responses to normal commensal bacteria rather than modifying the bacterial ecology of inflammatory skin lesions. Notably, Ptpn6 spin mice also were hypersensitive in the acetaminophen (APAP)-induced liver injury model that is considered a model for sterile autoinflammation and wound-healing responses 18 . IL-1a deletion provided significant protection from APAP-induced liver injury as evidenced by markedly reduced serum alanine aminotransferase levels in APAP-challenged Ptpn6 spin 3Il1a 2/2 mice (Fig. 3f) . Together, these results indicate a critical role for IL-1a in both sterile and commensal-associated inflammatory and wound-healing responses of Ptpn6 spin mice. To determine whether SHP-1 regulates inflammatory responses in haematopoietic or radioresistant cells, bone marrow chimaera mice were generated. Expression of the hypomorphic Ptpn6 spin allele in the haematopoietic compartment alone promoted spontaneous footpad inflammation (Fig. 4a) concomitant with augmented cytokine production (Fig. 4b) and neutrophilia (Supplementary Fig. 14) . In contrast, chimaeric mice bearing the Ptpn6 spin mutation only in radioresistant cells failed to develop footpad inflammation (data not shown), suggesting that SHP-1 expression in bone-marrow-derived immune cells rather than in non-haematopoietic cells (such as keratinocytes) is critical for induction of the autoinflammatory syndrome. Collectively, these findings suggest that unwarranted IL-1a release in response to dysregulated SHP-1 activity in haematopoietic cells has a pivotal role in the induction of inflammatory disease. To identify the bone-marrowderived cell populations that are responsible for Ptpn6 spin -induced inflammation, we investigated inflammatory responses in isolated macrophages and neutrophils as these cell types have been shown to centrally regulate inflammatory and wound-healing responses 19 . The Ptpn6 spin mutation did not influence inflammatory cytokine production in macrophages (Supplementary Fig. 15 ). Although Ptpn6 spin neutrophils produced slightly higher levels of the proinflammatory cytokines granulocyte colony-stimulating factor (G-CSF) and tumournecrosis factor-a (TNF-a) in response to lipopolysaccharide (LPS) stimulation, production of other pro-inflammatory mediators (KC, IL-6 and IL-1b) was normal in these cells (Supplementary Fig. 16 ). We therefore concluded that modest differences in neutrophilassociated cytokine production may contribute to, but are unlikely to account fully for, the marked inflammatory phenotype observed in vivo.
The kinase RIP1 is emerging as a key regulator of inflammatory cytokine production and cellular stress 20, 21 . To address the in vivo role of RIP1 in exacerbated inflammatory cytokine production, Ptpn6 spin mice were pre-treated with either vehicle control (PBS), the RIP1 kinase inhibitor necrostatin 1 (Nec1) or the structurally related inactive Nec1 analogue (iNec) 22 before being subjected to microabrasion injury. Unlike iNec, Nec1-mediated in vivo inhibition of RIP1 kinase activity markedly attenuated secretion of inflammatory mediators in Ptpn6 spin mice to levels comparable to those of wild-type mice (Fig. 4c) , suggesting a critical role for RIP1 signalling in Ptpn6 spin -induced inflammatory disease. RIP1-deficient mice suffer from perinatal lethality 21 , hampering genetic analysis of the role of RIP1 in Ptpn6 spin -induced autoinflammation. However, the observation that Ptpn6 spin -mediated autoinflammation stems from the haematopoietic compartment (Fig. 4a, b) provided a rationale to explore the role of RIP1 by means of fetal liver transplantation experiments. To this end, fetal liver cells Fig. 4d and Supplementary Fig. 17 ) and neutrophilia (Fig. 4e) , a hallmark of this inflammatory syndrome. We proposed that targeted MAP kinase and NF-kB signalling drives Ptpn6 spin -associated inflammation. In agreement, we found that in vivo RIP1 inhibition markedly dampened local activation of ERK and NFkB signalling (Fig. 4f) . Moreover, pharmacological blockade of NF-kB activation with the IKK-b inhibitor SC-514 and inhibition of ERK signalling with U0126 treatment both abrogated hyperinflammatory cytokine production in Ptpn6 spin mice (Supplementary Fig. 18 ). Importantly, the RIP1 kinase inhibitor Nec1 also inhibited the synthesis of Il1a transcripts (Fig. 4g) , further highlighting the role of RIP1 as a critical regulator of NF-kB-induced and IL-1a-driven autoinflammation in Ptpn6 spin mice. Notably, IL-1a deletion also attenuated exacerbated ERK and NF-kB signalling in the footpads of Ptpn6 spin mice (Fig. 4f) , suggesting that RIP1-mediated IL-1a production triggers an inflammatory feedback loop that contributes to disease progression. In addition to driving MAP kinase and NF-kB activation, RIP1 controls induction of necroptosis in conjunction with RIP3 (ref. 20) . To verify a potential role for unwarranted necroptosis induction in Ptpn6 spin -associated inflammatory disease, Rip3-deficient mice were bred to Ptpn6 spin mice. However, unlike deletion of Rip1 and Il1a, genetic ablation of Rip3 expression failed to protect Ptpn6 spin mice from exacerbated inflammation in response to microabrasion-induced tissue injury ( Fig. 4h and Supplementary Fig. 19 ). These results indicate that RIP3-mediated necroptosis is dispensable, and suggest a critical role for RIP1-mediated regulation of MAP kinase and NF-kB signalling in driving the inflammatory phenotype of Ptpn6 spin mice. Defective neutrophil homeostasis is associated with numerous devastating human diseases 23 . For instance, neutropenia can cause severe susceptibility to infection, whereas neutrophilia is linked to autoinflammatory disorders. Our results in the Ptpn6 spin mouse inflammation model highlight a critical role for RIP1-mediated ERK and NF-kB signalling in haematopoietic cells in driving an inflammatory circuit that triggers excessive inflammatory responses and persistent tissue damage. Indeed, biochemical and genetic blockade of RIP1 signalling prevented inflammatory cytokine production and protected Ptpn6 spin mice from autoinflammation. IL-1a was critical for RIP1-mediated inflammatory disease progression, which proceeded independently of inflammasome/caspase-1-produced IL-1b and RIP3-mediated necroptosis. Consequently, therapeutic inhibition of RIP1 activity and/or neutralization of IL-1a may provide novel approaches to break the self-reinforcing inflammatory circuits that drive chronic autoinflammatory and autoimmune diseases.
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spin mice homozygous for the Tyr208Asn amino acid substitution in the C-terminal Src homology 2 domain of SHP-1 have been described previously 3 .
spin mice spontaneously develop a persistent footpad disease that is characterized by paw swelling and cutaneous inflammation at 8-16 weeks of age. Blood was collected by submandibular venipuncture to measure the levels of circulating neutrophils and inflammatory cytokines. To assess T-cell-mediated cytokine production, splenocytes and popliteal lymph node cells were re-stimulated with PMA/ ionomycin followed by intracellular flow cytometry staining. Formalin-preserved footpad samples were embedded in paraffin. Footpad infiltration by inflammatory cells and neutrophils was assessed in a blinded manner by a pathologist using haematoxylin and eosin staining and neutrophil immunohistochemistry. The accumulation of immune cells in lymphoid organs was evaluated with the use of flow cytometry staining. To provoke microabrasion injury, mice were anaesthetized and the plantar surfaces of their hind paws were irritated by gently rubbing with sterile sandpaper. Clinical scores were assigned based on oedema, erythema and weepy wound formation. The development of persistent footpad swelling was used to evaluate disease incidence over time. EAE was induced using MOG peptide, CFA, heat-inactivated Mycobacterium tuberculosis and Bordetella pertussis toxin. Neutrophils were purified from the bone marrow and stimulated with LPS. Fetal liver cells collected at embryonic day E14.5 were transplanted into lethally irradiated wild-type mice to generate Ptpn6 spin 3Rip1 2/2 .wild-type chimaeric mice.
Full Methods and any associated references are available in the online version of the paper.
